Background-Obesity-associated elevations in the glomerular filtration rate (GFR) are common and may play a role in the development of kidney disease, so identifying the underlying mechanism is important. We therefore studied whether reductions in dietary protein intake, which is known to modulate GFR, explain why the GFR falls after bariatric surgery-induced weight loss.
The global obesity crisis shows little sign of relenting 1 . This has major implications for the field of nephrology inasmuch as obesity has been linked in a variety of experimental and observational settings to the development and progression of CKD [2] [3] [4] [5] [6] . A variety of putative mechanisms have been postulated to account for the obesity-CKD link. Among them is supranormal elevations in the glomerular filtration rate (GFR; so-called glomerular hyperfiltration), a frequent finding in obese individuals that in certain settings may lead to intraglomerular and systemic hypertension and ultimately kidney injury 7, 8 .
The mechanisms underlying glomerular hyperfiltration are not fully understood though a relative afferent (versus efferent) vasodilation of the glomerular arteriole has been implicated 9 . While this process may be linked to the influence of excess adiposity via, for example, upregulation of the renin-aldosterone axis and tubuloglomerular feedback 10 , an alternative explanation involves the effects of dietary intake. Indeed, high protein diets consumed in the short or long term are also known to induce glomerular hyperfiltration [11] [12] [13] [14] , and it is notable that obese persons consume more protein than do lean individuals 15 . Other nutrients, such as dietary sodium, may also influence renal hemodynamics 16 .
Weight reduction has been demonstrated to reverse the elevations in GFR 17 and also protect against kidney disease 18 . Whether the reduction in the glomerular filtration rate (GFR) is attributable to shrinking adipose mass, a fall in dietary protein consumption, or other factors that occur in parallel with weight loss is unknown. Elucidating the mechanisms involved in glomerular hyperfiltration may help in developing strategies to reduce obesity-associated kidney injury. Thus, we performed an experiment to test the hypothesis that reductions in GFR observed after bariatric surgery are explained by lower post-surgical dietary protein consumption.
METHODS

Participants
Most of the participants in this study were part of a larger, previously published project that examined the relationship between GFR and protein consumption in obese patients 19, 20 . Obese individuals were recruited from bariatric surgery clinics and public advertisements in the Indianapolis, Indiana, area between 2004 and 2011. The relevant institutional review boards (study no. 0309-03) approved the protocol (ClinicalTrials.gov study number: NCT00244790), and all patients gave written informed consent after reviewing a written summary of the plan. The study adhered to the Declaration of Helsinki. A data safety and monitoring board oversaw the study. Inclusion criteria included age 18 or olderer, ability to give informed consent, a body mass index (BMI) of 30 kg/m 2 or higher, and planned bariatric surgery. Exclusion criteria included pregnancy, an iodine allergy, a diagnosis of diabetes mellitus, use of an angiotensin-converting enzyme (ACE) inhibitor or angiotensin receptor blocker (ARB), a serum creatinine level >1.3 mg/dl for women and >1.5 mg/dl for men, and dialysis dependency. Pregnancy was excluded by a urine pregnancy test on the day of study.
Dietary Intervention
The intervention was designed to study participants on a low protein dietary intervention before and after bariatric surgery. All studies were performed in the Indiana University General Clinical Research Center in a fasting state. Participants were studied prior to surgery while consuming an ad lib diet. They were then provided with seven days' worth of a low protein diet that consisted of 50 g of animal protein and 4 g sodium daily and isocaloric dietary content calculated using standard equations. The study diet was low protein because of the expectation that individuals would spontaneously lower their protein consumption after surgery. After one week on the study diet each participant returned to the research center to be studied again. An identical protocol was performed after bariatric surgery. The post-surgery low protein diet was the same as the pre-surgery diet with the exception of the sodium content, which was lowered to 2 g daily and caloric intake, which was set at 800 kcal daily. These changes were made to make the diet palatable and tolerable in light of the severe dietary restrictions that bariatric surgery imposed. Thus, time points 1 and 2 occurred 1 week apart on an ad lib and low protein diet, respectively, prior to bariatric surgery. Time points 3 and 4 occurred 1 week apart on an ad lib and low protein diet, respectively, after bariatric surgery. Of note, the post-surgery visits were performed after a minimum of 20 kg was lost, an amount that was felt sufficient to see significant GFR changes based on our preliminary analyses. An Indiana University General Clinical Research Center dietitian using the University of Minnesota's Nutrition Data System for Research nutrient calculation software (www.ncc.umn.edu) developed the study diet while tailoring it as much as possible to the subject's dietary tastes. Meals were prepared and frozen in disposable containers that could subsequently be microwaved or heated in ovens at home. Subjects were carefully instructed to limit their dietary intake during the study period to study meals only and return any unfinished meals at the end of the study week. Dieticians contacted subjects by phone during the study intervention period to assess dietary adherence and help resolve any diet-related problems. They also estimated dietary nonadherence at the end of the study by quantifying any unfinished meals (patients were asked to bring in all unfinished meals) and performing a 24-hour dietary recall interview.
Measurements
GFR was calculated from plasma iohexol (Omnipaque-300; GE Healthcare, Piscataway, NJ) clearance. Plasma was isolated and stored at −80°C until measured by capillary electrophoresis using a Model 2050 CE instrument (Beckman Instruments, Palo Alto, CA, USA) as previously reported 19 or HPLC (Agilent 1100, Santa Clara, CA) with UV detection. Individual iohexol clearances (ml/min) were estimated using standard noncompartmental methods with iohexol clearance equivalent to dose divided by the area under the plasma concentration-time curve from time zero through infinity. In cases where only two plasma concentrations were available per individual, population pharmacokinetic methods were used as previously described 20 . Body mass index (BMI) and body surface area (BSA) 21 were calculated during each visit from measured weight and height while wearing a hospital gown and no shoes. The average of two blood pressures taken while seated and separated by a five minute interval was used. Serum creatinine was measured using by the Roche/Hitachi Creatinine Plus enzymatic assay (Roche Diagnostics, Basel Switzerland) calibrated to an IDMS method. Measurements of 24-hour urine creatinine, sodium, potassium, and urea were performed using standard laboratory techniques. One gram of urinary urea excretion was considered to be the equivalent of 6.25 g dietary protein 22 .
Statistical Methods
The study's primary aim was to determine the effect of weight reduction on GFR after controlling for dietary protein consumption, the working hypothesis being that the reduction in GFR observed after weight loss would disappear if protein intake was fixed. Subject demographic information and baseline characteristics were summarized by median (range) or frequency for continuous variables and categorical variables, respectively. Changes in variables were measured using the Wilcoxon signed rank test because the normality assumption was violated. In order to test the effects of low protein diet on changes in GFR while controlling for bariatric surgery and urine sodium levels, we used a repeated measures analysis of covariance model. All statistical tests were performed at a two-sided 5% significant level using the IBM SPSS Statistics 20 software package (Armonk, NY), or SAS, version 9.3 (SAS Institute Inc, Cary, North Carolina) and R statistical software, version 2.15 (R Foundation for Statistical Computing).
RESULTS
Sixteen persons were enrolled for the study, but eight did not complete the study protocol for various reasons (withdrew consent, 4; pregnant, 1; nonadherent to diet, 3). The individuals who dropped out were similar to the eight obese participants in terms of age (median, 44 [range, 22-51] years), gender (75% female), and race (75% white). The remaining eight severely obese participants were primarily white and female with fasting glucose and blood pressure levels that were in the normal range or at most mildly elevated (Table 1) . Serum creatinine levels were also normal. All the participants underwent a Rouxen-Y gastric bypass except one, who underwent a vertical sleeve gastrectomy. A median of 32.9 (range, 19.5-54.4) kg was lost between the first pre-surgery visit and first post-surgery visit (median time elapsed, 234 [range, 103-614] days).
Based on the 24 hour urine collection data shown in Table 2 , median baseline ad lib intake was approximately 2.2 L of fluid, 10 g of sodium, 2 g of potassium, and 75 g of protein.
All of these dropped substantially after surgery including protein consumption, which fell roughly by half. Median protein consumption was not different on the low protein study diet pre-versus post-surgery (P for difference =0.9) and was close to the protein allotment of 50 g daily provided in the study regimen (pre-surgery, 56 g; post-surgery, 44 g). Sodium and potassium intake was also similar at these time points (Table 2 ).
The GFR levels at each study time point are shown in Figure 1 . The GFR levels were supranormal (i.e. >120 ml/min) in most subjects prior to surgery 23 and then dropped after surgery. There was no significant difference in the response to the diet after versus before surgery (P=0.2). As shown in Table 3 , bariatric surgery and dietary sodium were each independently associated with changes in GFR, while a low protein diet was not.
DISCUSSION
Our study was designed to determine whether reduced protein consumption explains the reduction in GFR that is consistently observed after large weight reduction. To answer this question we used a model of bariatric surgery, the most rapid and effective weight loss strategy currently available. We found that while surgery and dietary sodium intake influenced GFR levels, consumption of a low protein diet did not.
Elucidation of the mechanisms underlying the glomerular hyperfiltration of obesity is expected to advance our understanding of how obesity influences kidney health. Based on the well documented concept that dietary protein intake influences kidney hemodynamics, a topic previously reviewed by us and others in detail 14, 24 , it is certainly plausible that dietary protein could play an important, and possibly central, role in mediating GFR during weight loss. This is especially true in patients undergoing bariatric surgery, a population from which nearly all of the rigorous human data on the kidney hemodynamic effects of weight loss have been derived. Bariatric surgery patients have ample reason to lower protein intake after surgery due to overall reductions in food intake from an anatomically restricted gastrointestinal tract and more specifically protein intolerance 25 . This effect was observed in our study cohort, where the median spontaneous intake of dietary protein dropped significantly by half after surgery (Table 2) .
Despite major efforts in recent decades to identify exactly how protein feeding regulates kidney hemodynamics, the mechanisms are still not entirely clear 24 . Hypothesized mechanisms include amino acids as metabolic substrates for the changes; local or circulating humoral factors released by the stimulus of amino acids; and intrinsic kidney mechanisms like tubuloglomerular feedback. Perhaps the most consistent and cohesive model involves the latter mechanism, which can be stimulated by proximal tubular reabsorption of amino acids (and sodium), leading to upregulation of tubuloglomerular feedback, subsequent afferent arteriolar dilatation, and ultimately an increase in GFR and renal plasma flow. Of note, tubuloglomerular feedback is also currently believed to play a role in the glomerular hyperfiltration observed in obesity 10 .
In our study we controlled for protein consumption before and after surgery by fixing dietary protein intake at 50 g daily. Despite overall adherence to the study diet as confirmed by urinary urea nitrogen excretion, consuming a low protein diet did not independently influence GFR in the study participants. This finding demonstrates that ad lib reductions in dietary protein consumed after surgery does not explain why GFR falls after surgical weight loss. This result is consistent with our previous report indicating that high dietary protein intake is unlikely to explain the supranormal elevations in GFR seen in individuals with obesity 19 . This being the case, what other factors could possibly mediate the reduction in GFR that is seen in obese persons or animals that lose weight?
In addressing this question we should consider the other major macronutrient components carbohydrates and fat as well as dietary sodium intake. In studies of nonobese animals, carbohydrates have relatively minimal effect on GFR as compared to protein 26, 27 while the isolated effect of dietary fat on GFR has not been well studied. Interestingly, increased caloric intake leading to obesity has been demonstrated to increase GFR independent of protein consumption. Henegar et al 5 studied the effects of the development of obesity on kidney hemodynamics and structure by randomizing healthy dogs to a regular diet versus one supplemented with beef fat. By seven to nine weeks the fat-supplemented dogs weighed significantly more and had a higher GFR (by 45%) and renal plasma flow (by 75%) than the lean dogs. Throughout the study dietary protein and sodium were held constant between the two groups. Studies such as this and others finding no independent effect of macronutrients on GFR 28 support the contention that weight gain itself leading to obesity promotes an increase in GFR and that the source of the calories is of lesser importance. One possible explanatory mechanism involves upregulation of the renin-aldosterone axis that is observed with weight gain 29 . The resultant increase in proximal tubular sodium reabsorption would both expand the intravascular volume and stimulate tubuloglomerular feedback, with the result being a higher GFR. Weight reduction would be expected to reverse this process 29 . Preliminary findings that angiotensin-converting enzyme inhibition disproportionately benefits obese individuals with proteinuric kidney disease (as compared to leaner patients) support an active role for the renin-aldosterone axis in the pathophysiology of obesity 30 . Our finding that dietary sodium was independently associated with increases in GFR is consistent with this line of thinking. In fact, others have also observed such a phenomenon in obese individuals 16 . The effects of bariatric surgery on GFR may not simply be through downregulation of the renin-aldosterone axis but also through changes in gut peptides that mediate renal hemodynamics 31 , a field that needs further elucidation.
A strength of our mechanistic study is that it was successfully conducted using a challenging dietary intervention pre-and post-bariatric surgery in a cohort of individuals whose severe obesity is indicative of their difficulty in following restrictive diets. The time required to complete the study attest to the challenge of the task. Adherence to the fixed protein diet was confirmed after careful evaluation with study dieticians in conjunction with 24-hour urine collections. Our study also has limitations. The study cohort was modest in size despite efforts to avoid dropouts. Nevertheless, were able to show several important statistically significant relationships. While we cannot exclude the possibility that nonsignificant results would have been statistically significant in a larger cohort, the study's main focus (i.e. effects of low protein diet) had a P value that was well out of range of statistical significance. The study also focused specifically on the independent effect of dietary protein so the influence of carbohydrates and fat were not explored. The study was comprised primarily of white females, although there are no reports of sex or race disparities in the kidney's response to dietary protein or weight loss. In addition, the study used bariatric surgery to induce weight loss. While it is possible that large weight reduction from nonsurgical methods could have differing effects, such a study has not yet been performed and our findings are consistent with previous findings in animals 18 . We cannot definitively assume that surgery-related metabolic effects did not influence the findings because the post-surgery study time points were not fixed, though all subjects had fully recovered from the surgery by the time they were studied. Finally, we measured GFR in ml/min rather than indexing to body surface area (ml/min/1.73 m 2 ). This was done because of the pitfalls of using indexed GFRs in obese persons and when studying changes within individuals 32, 33 .
In summary, the fall in GFR observed after bariatric surgery can be explained at least in part by the effects of surgery and/or dietary sodium intake but not by low dietary protein consumption. GFR by study visit. Visit 1, ad lib diet pre surgery; Visit 2, low protein diet pre-surgery; Visit 3, ad lib diet post-surgery; Visit 4, low protein diet post-surgery. Table 2 24-Hour Urinary Parameters on Ad Lib and Low Protein Diets 
